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1. In t roduc t ion  
The r e v e r s i b l e  phenomena of photoconductivity and photo- 
t ropy ( o r  photochromism) have been known f o r  a long t i m e .  
Most of t h e  s t u d i e s  reported have been on c r y s t a l l i n e  s o l i d s  
and u n t i l  r ecen t ly  r e l a t i v e l y  l i t t l e  i s  known concerning these  
two i n t e r e s t i n g  electronic p r o p e r t i e s  f o r  non-crys ta l l ine  
s o l i d s .  Although both organic and inorganic  m a t e r i a l s  can 
e x h i b i t  photoconductivity and phototropy,  t h i s  survey paper  
w i l l  be res t r ic ted t o  inorganic systems. Most published 
work on non-crys ta l l ine  s o l i d s ,  i n  p a r t i c u l a r  those on photo- 
conduc t iv i ty ,  have been concentrated on t h e  understanding of 
t h e  mechanisms only r a t h e r  than a c o r r e l a t i o n  of t h e  phenomena 
wi th  t h e  s t r u c t u r e s  of t h e  m a t e r i a l s  involved. I n  t h i s  
review, a t tempts  w i l l  be made t o  i n d i c a t e  t h e  equal  importancs 
of t h e  understanding of ma te r i a l  s t r u c t u r e s .  Before we  pro- 
ceed t o  review t h e  observed p r o p e r t i e s ,  - t he re fo re ,  it i s  
p e r t i n e n t  t o  c l a r i f y  the meaning of "non-crystal l ine"  s o l i d s .  
11. Non-Crystalline So l ids  
Non-crystal l ine s o l i d s  can be prepared by a l a r g e  number 
i 
~f g r o s s l y  different methods. Tile two most important methods, 
p a r t i c u l a r  f o r  t h e  p re sen t  review, a r e  ( a )  by cool ing  t h e  m e l t  
u n t i l  it i s  r i g i d  i n  t h e  absence of c r y s t a l l i z a t i o n ,  and (b) 
by condensation of the  vapor on a s o l i d  s u b s t r a t e  a t  some 
temperature a t  which t h e  condensate is  r i g i d .  I n  e i t h e r  case, 
absence of c r y s t a l l i n i t y  i s  usua l ly  assumed i f  d i f f u s e  x-ray 
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o r  e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  s i m i l a r  t o  t h a t  given by a 
l i q u i d  a r e  obtained. I t  is  gene ra l ly  accepted by workers i n  
t h e  f i e l d  of g l a s s  science and technology t h a t  t h e  non- 
c r y s t a l l i n e  s o l i d  obtained by method (a )  termed a q l a s s  o r  a 
2 
v i t r e o u s  s o l i d  , This g lassy  s o l i d  i s  a metas tab le  phase 
whose frozen-in s t r u c t u r e  corresponds t o  t h e  s t r u c t u r e  of a 
l i q u i d  o r  a supercooled l i q u i d  a t  some h igher  temperatures.  
A non-crys ta l l ine  solid obtained by vapor depos i t i on  i s  
gene ra l ly  r e f e r r e d  t o  as an amorphous s o l i d ,  The s t r u c t u r e  
of an amorphous s o l i d  i s  dependent on many f a c t o r s  some of 
which a r e  i n t e r r e l a t e d ,  For example, t h e  s t r u c t u r e s  of t h e  
vapor species, t h e  s u b s t r a t e  temperature,  t h e  r a t e  of depo- 
s i t i o n  and t h e  du ra t ion  of depos i t ion .  I f  a substance can 
be rendered i n t o  a non-crys ta l l ine  s t a t e  by both methods 
(a )  and ( b ) ,  f o r  ins tance  selenium, it is un l ike ly  t h a t  t h e  
s t r u c t u r e s  of t h e  two non-crys ta l l ine  s o l i d s  w i l l  be t h e  
same. This w i l l  be f u r t h e r  c l a r i f i e d  when selenium is  
d iscussed  b e l o w ,  Although t h e r e  appears t o  be s o m e  evidence 
t h a t  non-crys ta l l ine  oxides obtained by d i f f e r e n t  methods 
are s t r u c t u r a l l y  s i m i l a r ,  t h i s  i s  t o  be regarded a s  anomalous 
a t  p r e s e n t  . I n  any study of t he  p r o p e r t i e s  of non-crys ta l l ine  3 
s o l i d s ,  t he re fo re ,  t h e  p repa ra t ion  h i s t o r y  must be considered 
as an important f a c t o r .  
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111. Photoconductivity 
(a) Semiconductinq Non-Crystalline So l ids  
E lec t ron ic  conduction i n  semiconductors i s  n o t  confined 
4 
t o  c r y s t a l l i n e  s o l i d s .  I o f f e  and Regel have presented  
ex tens ive  d a t a  which has  shown conclus ive ly  t h a t  semiconduction 
i s  p r imar i ly  governed by short-range order  and n o t  long-range 
order .  Thus t h e  mechanism of semiconduction i n  a molten s e m i -  
conductor may be s i m i l a r  t o  t h a t  i n  t h e  corresponding c r y s t a l  
providing t h e  short-range order i n  the  t w o  phases a re  s i m i l a r .  
I t  i s  of course f requent ly  d i f f i c u l t  t o  de f ine  e x a c t l y  t h e  
meaning of short-range order  , Semiconducting behavior has  
been repor ted  long ago f o r  amorphous f i l m s  of elementary 
s o l i d s  such a s  antimony, germanium, s i l i c o n  and t e l lu r ium,  
M o r e  r e c e n t l y ,  semiconducting behavior has  been found i n  
many oxide g l a s s e s  a s  wel l  a s  non-oxide g l a s s e s  based on 
5 6 
mixtures  of e l e m e n t s  such as S ,  Se,  Te, P ,  As, T1, S i  and Ge .  
Photoconduct ivi ty  has  only been repor ted  f o r  t h e  l a t t e r  
m a t e r i a l s .  I n  gene ra l ,  these semiconducting g l a s s e s  have 
r e l a t i v e l y  low e l e c t r i c a l  conduct iv i ty  (lo-* ohm-’ cm’l o r  
less) and the mobi l i ty  of the c a r r i e r s  i s  small  (1 cm2 l7-l 
sec-l o r  less) .  
understanding concerning such low-mobility s o l i d s  . 
n-type and p-type conduction have been reported.  
i n t e r e s t i n g  t o  note  t h a t  f o r  some of t hese  glasses,  whereas 
mere i s  a t  p r e s e n t  l i t t l e  q u a n t i t a t i v e  
Both 
It is  
thermoelec t r ic  p o w e r  measurements i n d i c a t e  t h a t  t h e  major 
c a r r i e r s  are p o s i t i v e  holes ,  Hal l  measurements suggest  t h a t  
e l e c t r o n s  a re  t h e  primary c a r r i e r s .  It  was suggested t h a t  
t h i s  anomaly could be the  r e s u l t  of inhomogeneities i n  t h e  
g l a s s  . 
p e r s i s t e d  when g l a s s e s  of the systems As2Se3 and As2Te3 w e r e  
8 
heated t o  temperatures corresponding t o  t h e  l i q u i d  s t a t e .  
I t  is  un l ike ly  therefore t h a t  inhomogeneities a r e  the  dominant 
f a c t o r .  
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Recently, however, i t  was repor ted  t h a t  t h i s  anomaly 
From a p r a c t i c a l  p o i n t  of view, g l a s s e s  a r e  m o r e  f l e x i b l e  
a s  an e l e c t r o n i c  ma te r i a l  s i n c e  chemical compositions a r e  n o t  
l i m i t e d  by Stoichiometry and a l s o  t h e r e  a r e  no g r a i n  boundaries 
a s  f o r  p o l y c r y s t a l l i n e  s o l i d s .  Fur ther ,  un l ike  semiconducting 
c r y s t a l s ,  t h e  e l e c t r i c a l  conduct iv i ty  of t h e  g l a s s  i s  
apparent ly  i n s e n s i t i v e  t o  the presence of impur i t i e s .  I n  
Table .I, the e f f e c t  of zone-refining on t h e  v a r i a k n  of 
e l e c t r i c a l  p r o p e r t i e s  f o r  the c r y s t a l l i n e  and g l a s sy  phases 
of t h e  same m a t e r i a l  i s  shown. 
(b) Photoconductivity of Non-Crystalline Selenium 
Photoconductivity w a s  f i rs t  observed f o r  non-crys ta l l ine  
i o  
selenium by W e i m e r  i n  1950. The sample w a s  prepared by con- 
densing the vapor on a subs t r a t e .  The s p e c t r a l  response of 
t h e  non-crys ta l l ine  sample a s  compared t o  t h a t  of the 
hexagonal c r y s t a l  i s  shown i n  Fig. 1. Although t h e  photo- 
. 
c u r r e n t s  are normally very small ,  because of t h e  high dark 
r e s i s t i v i t y  ( g r e a t e r  than  lo1* ohm c m  a t  2OoC) ,  they a r e  many 
t i m e s  t he  dark c u r r e n t .  From a s c i e n t i f i c  p o i n t  of view, a f t e r  
W e i m e r ' s  d iscovery,  non-crys ta l l ine  selenium immediately be- 
came a chal lenge wi th  many unexplained properties;among them w e r e  : 
1) Difference i n  photon energy f o r  absorp t ion  and photoconduct ivi ty;  
2) Origin of the  c a r r i e r s  w h i c h  a r e  predominantly p o s i t i v e  ho le s ;  
3 )  Mobili ty of  the  c a r r i e r s .  
From an i n d u s t r i a l  p o i n t  of view, t h e  high r e s i s t i v i t y  of 
non-crys ta l l ine  selenium was d e s i r a b l e  f o r  the Xerographic 
p r i n t i n g  process  . I n  the p a s t  15 y e a r s  it has  t h e r e f o r e  been 
12 
widely s tud ied .  
been made by P e l 1  . Almost without  except ion,  research has  
An ' excel lent  summary of publ ished work has  
13 
been concentrated on the  mechanism of photoconduction and o r  
a t tempts  t o  exp la in  e l e c t r i c a l  and o p t i c a l  p r o p e r t i e s  by band . 
s 
theory.  Important  experimental d a t a  w e r e  obtained from d r i f t  
mobi l i ty  measurements, p a r t i c u l a r l y  by Spear , and from 
s t u d i e s  of space-charge l imi t ed  c u r r e n t s  . The e l e c t r o n i c  
14 
15 
s t a t e s  i n  non-crys ta l l ine  selenium a t  room temperature a s  
i nd ica t ed  by o p t i c a l ,  photoconductivity,  and charge-t ransport  
measurements have been summarized r e c e n t l y  by Hartke and 
Regensburger and reproduced i n  Figure 2. 
16 
(c) S t r u c t u r e  of Non-Crystalline Selenium 
17 , 18 
Selenium e x i s t s  i n  t h r e e  known c r y s t a l l i n e  modi f ica t ions  : 
1) A common hexagonal form which i s  known' as grey or m e t a l l i c  
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selenium. The s t r u c t u r e  of t h i s  i s  made up of p a r a l l e l  
i n f i n i t e  s p i r a l  chains .  
c l i n i c .  
Se8 r ings .  
form and i s  inso lub le  i n  carbon d isu lphide  whereas t h e  
monoclinic forms w i l l  d i sso lve  i n  CS2. 
(2) d -monoclinic; and ( 3 ) ~  -mono- 
These l a t t e r  t w o  modi f ica t ions  a r e  made up of puckered 
The hexagonal form i s  t h e  high temperature stable 
Molten selenium 
probably c o n s i s t s  of a mixture of Se8 r i n g s ,  Se6 r i n g s ,  l a r g e r  
r i n g s  and cha ins  of varying l eng ths  , The d i s t r i b u t i o n  
19 ,20 ,21  
of t hese  var ious  u n i t s  i s  dependent on temperature and contro- 
versy e x i s t s  between d i f f e r e n t  workers regarding the polymeric 
u n i t s  a s  w e l l  a s  t h e i r  d i s t r i b u t i o n .  The melt ing temperature 
of selenium i s  217OC. A g l a s s  obtained by quenching the  m e l t  
from d i f f e r e n t  temperatures w i l l  t h e r e f o r e  have d i f f e r e n t  
s t r u c t u r e s .  I t  i s  a l s o  t o  be noted t h a t  i f  a Se8 r i n g  w e r e  
t o  open there w i l l  be t w o  unpaired e l e c t r o n s  a t  the two ends of 
the  r e s u l t a n t  chain.  Thus the  number of unpaired e l e c t r o n s  
i n  a g l a s s ,  say ,  w i l l  depend on the equi l ibr ium d i s t r i b u t i o n  
of the cha in  l eng ths  for t h a t  p a r t i c u l a r  sample. Unambiguous 
information on the d e t a i l e d  s t r u c t u r e s  of g l a s s e s  i s  no t  
ava i l ab le  from X-ray d i f f r a c t i o n  experiments. This i s  
exemplified by t h e  controversy which e x i s t s ,  f o r  example, 
between K r e b s  
about 1000 Se atoms t o  be the  b a s i c  u n i t s  of g l a s sy  selenium 
and R ich te r  who pos tu la ted  Se6 r ings .  The g l a s s  is  
19 
who suggested Se8 r i n g s  and l a r g e r  r i n g s  of 
21 
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metastable  w i t h  r e spec t  t o  the c r y s t a l l i n e  phases and w i l l  
d e v i t r i f y  through nuclea t ion  and subsequent c r y s t a l  growth. 
The temperature a t  which d e v i t r i f i c a t i o n  w i l l  occur and t h e  
p a r t i c u l a r  c r y s t a l l i n e  phase which forms a re  both s e n s i t i v e  t o  
impur i t i e s ,  atmosphere and mechanical stresses , The glass  
t r a n s i t i o n  temperature f o r  selenium i s  approximately 30 OC 
which means t h a t  above which, viscous flow w i l l  be pe rcep t ib l e .  
The vapor species of selenium a r e  temperature dependent, 
22 
A t  low temperatures,  molecular weight measurements and 
e l e c t r o n  d i f f r a c t i o n  i n d i c a t e  t h a t  the vapor spec ie s  a r e  
23 
l i k e l y  t o  be Se6 r i n g s ,  
s u b s t r a t e  a t  2OoC,  say,  it is unl ike ly  t h a t  t h e  amorphous f i lm  
which i s  formed w i l l  have a s t r u c t u r e  s i m i l a r  t o  t h a t  of a 
g l a s s  formed by quenching t h e  m e l t  t o  2OOC. Many workers who 
When the vapor i s  condensed on a 
s t u d i e d  the photoconductivity of non-crys ta l l ine  selenium 
considered t h e i r  vapor-formed f i lms  t o  be g la s sy  or  v i t r eous .  
Lanyon , for  example, considered h i s  vapor-formed f i l m s  a s  
a "supercooled l i q u i d " .  Amorphous selenium f i l m s  have been 
deposi ted a t  var ious  temperatures a s  high a s  90OC. A t  t h i s  
temperature,  the v i s c o s i t y  of selenium i s  1 x l o 6  p o i s e ,  
i s  a supercooled l i q u i d  s ince  t h e  g l a s s  t r a n s i t i o n  temperature 
i s  only 30°C. On the o ther  hand, many f i lms  w e r e  deposi ted 
on s u b s t r a t e s  a t  2OoC. This w i l l  of course m a k e  t h e  meaningful 
c o r r e l a t i o n  of f i l m  p r o p e r t i e s  even more d i f f i c u l t .  A s  f o r  
24 
It 
-8- 
~* . 
the  g l a s sy  selenium, -amorphous f i l m s  w i l l  undergo t r ans fo r -  
mation. W e i m e r  , f o r  in s t ance ,  mentioned t h a t  h i s  vapor- 
10 
formed amorphous f i l m s  contained some monoclinic c r y s t a l s .  
K e c k  deposi ted amorphous f i l m s  a t  temperatures between 
25,26 
30° and 75OC and reported t h a t  a t  lower temperatures,  mono- 
c l i n i c  c r y s t a l s  w e r e  p re sen t  b u t  a t  above 65OC, s o m e  hexagonal 
c r y s t a l s  w e r e  formed. Fur ther ,  c r y s t a l  growth could occur 
even a t  20°C, t h e  r a t e  being 2700A p e r  day. I t  i s  known t h a t  
t h e  e l e c t r i c a l  p r o p e r t i e s  of the f i lm a re  dependent on 
temperature,  du ra t ion  and r a t e  of depos i t i on  . Figure 3 is  1 2  
a reproduct ion of t h e  recent  work of G r i f f i t h s .  The bottom 
f i g u r e  shows t h a t  t h e  e l e c t r o n  d i f f r a c t i o n  p a t t e r n  of selenium 
f i l m  deposi ted on t h e  (100) cleavage f ace  of MgO a t  90°C i s  
d i f f u s e .  However, the  transmission electron-micrograph shows 
widely separa ted  sphe r i ca l  p a r t i c l e s  of about 2000A i n  diameter. 
Presumably these  a r e  non-crys ta l l ine  d r o p l e t s .  
t i o n  c e r t a i n l y  does n o t  resemble the  t ransmission p i c t u r e  of 
Their separa- 
an ord inary  g l a s sy  sample. 
Fur ther  progress  i n  understanding t h e  e l e c t r i c a l  p r o p e r t i e s  
of non-crys ta l l ine  semiconductors w i l l  be d i f f i c u l t  i f  t h e  
s t r u c t u r e s  of t h e  ma te r i a l s  themselves a re  neglected.  
(d) Photoconductivity of Chalcoqenide Glasses  
Besides selenium, many chalcogenide g l a s s e s  have been 
demonstrated t o  be photoconductors. Most of the pioneer  w o r k  
- 9- 
i n  t h i s  f i e l d  have been c a r r i e d  o u t  by B. T, Kolomiets of 
Russia , Examples of some such g l a s s e s  are shown i n  T a b l e  11. 
2 8  
The r e s u l t s  showed t h a t  the conduct iv i ty  of a g l a s s  i n c r e a s e s  
when t h e  con ten t  of t he  heavier  element is  increased ,  I n  t h e  
glass-forming system of As,  Se and Te ,  fo r  example, t h e  
a c t i v a t i o n  energy a l s o  decreases wi th  inc reas ing  As2Te3. I n  
T a b l e  111, it is  seen t h a t  t h e  a c t i v a t i o n  ene rg ie s  determined 
from absorpt ion and photoconductivity a r e  s i m i l a r  although 
they d i f f e r  somewhat from t h a t  obtained from conduct iv i ty .  
I n  Figure 4 ,  it i s  seen t h a t  the  conduct iv i ty  of g l a s s e s  
of t h e  system A s ,  Se and Te v a r i e s  smoothly from t h e  g l a s sy  
s t a t e  t o  the supercooled l i q u i d  s t a t e .  I n  Figure 5 ,  t h e  
pho tocmduc t iv i ty  of g lassy  and l i q u i d  4As2Se3-As2Te3 i s  seen t o  
be q u i t e  s i m i l a r .  
have been made by vapor depos i t ion  . The vapor depos i t i on  
Photoconducting amorphous A s 2 S e 3  f i l m s  
29 
of a polycomponent system can genera te  an e x t r a  degree of 
complexity s i n c e  t h e  composition of the condensate may d e v i a t e  
f r o m  t h a t  of t h e  o r i g i n a l  ma te r i a l .  I n  T a b l e  I V ,  it i s  seen 
t h a t  the  composition of condensed amorphous f i l m s  a r e  inf luenced  
by evaporat ion temperature a s  w e l l  a s  s u b s t r a t e  temperature , 
30 
I V ,  Phototropy 
Arb i t r a ry  Def in i t i on  
Phototropy or  photochromism gene ra l ly  refers t o  the 
phenomenon whereby a ma te r i a l  changes color when exposed t o  
-10- 
1 .  . 
31 
r a d i a t i o n  b u t  r e v e r t s  t o  i t s  o r i g i n a l  c o l o r  i n  t he  dark . 
B o t h  organic  and inorganic  m a t e r i a l s  can e x h i b i t  phototropy. 
The phenomenon of s o l a r i z a t i o n ,  f o r  example, can be included 
w i t h i n  t h i s  broad d e f i n i t i o n .  Resul t s  on s o l a r i z a t i o n  have 
been summarized by Weyl . I n  a s i l i c a t e  g l a s s  conta in ing  
small  amounts of Mn2+ and Fe3+ ions ,  f o r  i n s t ance  the  absorp- 
32 
t i o n  of a 
which can 
and 
l i g h t  quantum r e s u l t s  i n  a purp le  c o l o r a t i o n  i n  
be explained by t h e  r eac t ions :  
Mn2+ + h Y  = Mn + 
Fe3+ + 0 = Fe 
3+ 
2+ 
Such processes a r e  extremely s l o w .  For p r a c t i c a l  a p p l i c a t i o n s ,  
both t h e  c o l o r a t i o n  and fading should be c o n t r o l l a b l e .  The 
c o l o r a t i o n ,  i n  p a r t i c u l a r  should be ins tan taneous  and be 
s e n s i t i v e  t o  sun l igh t .  Two types of photo t ropic  inorganic  
g l a s s e s  have been developed r ecen t ly .  They have both generated 
many i n t e r e s t i n g  s c i e n t i f i c  ques t ions .  
survey t o  these two types of g l a s s e s .  
W e  w i l l  conf ine  t h i s  
(b) Photo t ropic  Glasses  containinq S i l v e r  Hal ides  
Glasses  can be melted w i t h  some s i l v e r  n i t r a t e  and sodium 
h a l i d e s  t o  g ive  a homogeneous l i q u i d .  On c o n t r o l l e d  cool ing  
and h e a t  t rea tment ,  s i l v e r  h a l i d e  c r y s t a l s  can be p r e c i p i t a t e d .  
Recently,  A d s t e a d  and Stookey reported t h a t  f o r  some g l a s s  
33 
compositions,  if t h e  s i l v e r  con ten t  i s  between 0.2 t o  0.7 
pe rcen t ,  and i f  t h e  s i l v e r  h a l i d e  c r y s t a l s  are c o n t r o l l e d  t o  
50 t o  lOOA i n  diameter ,  a t r anspa ren t  glass is obtained. On 
-11- 
exposure t o  s u n l i g h t  o r  r ad ia t ions  i n  t h e  W ,  darkening w i l l  
occur rap id ly .  This  so-cal led a c t i v a t i o n  and subsequent 
fading of the  g l a s s  i s  exemplified by t h e  r e s u l t s  of F ig ,  6 
and Fig.  7 according t o  S m i t h  . The a c t i v i t y  of t h e  g l a s ses ,  34 
t y p i c a l  compositions of which a r e  shown i n  Table V, are 
enhanced by small  amounts of copper ions.  
Apparently, under i r r a d i a t i o n ,  three processes  occur 
simultaneously: darkening o r  c r e a t i o n  of c o l o r  c e n t e r s ;  
o p t i c a l  bleaching: and thermal bleaching. The darkening r a t e s ,  
and the o p t i c a l  components of fading r a t e s ,  are considered t o  
be descr ibed by f i r s t - o r d e r  k i n e t i c s  . The s p e c t r a l  sens i -  33 
t i v i t y  is  dependent on the  p a r t i c u l a r  h a l i d e .  Thus a g l a s s  
w i t h  AgCl i s  s e n s i t i v e  i n  t h e  3000-4000A region whereas one 
wi th  a mixture of AgCl and AgBr  w i l l  be s e n s i t i v e  from 3000- 
5500A and one w i t h  a mixture of AgCl and AgI w i l l  be s e n s i t i v e  
t o  about 6500A. The darkening rate i s  apparent ly  no t  very 
s e n s i t i v e  t o  temperature b u t  t h e  fad ing  rate i n c r e a s e s  r ap id ly  
wi th  inc reas ing  temperature. The advantage of t h i s  inorganic  
photo t ropic  system i s  t h a t  even a f t e r  300,000 cyc le s ,  no 
f a t i g u e  was not iced  . T h i s  i s  f a r  s u p e r i o r  t o  organic  systems. 35 
A t e n t a t i v e  model t o  expla in  t h i s  i n t e r e s t i n g  r e v e r s i b l e  
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phenomena has  been given by Armistead and Stookey . The 
primary p h o t o l y t i c  r eac t ion  can be represented  by: 
0 
Ag+ + C1- + h Y  = Ago + C 1  , 
-12- 
Thus an e l e c t r o n  i s  freed from the C1- and i s  trapped by t h e  
Ag . Such s i l v e r  atoms, o r  very small  aggregates of them, + 
a r e  the c o l o r  cen te r s .  S e n s i t i z a t i o n  by copper i o n s  i s  
a t t r i b u t e d  to: 
Ag+ + Cu' + h y  = Ago + Cu++. 
The r eac t ion  products  a r e  metas tab le  and w i l l  r e t u r n  t o  t h e  
o r i g i n a l  s t a t e  when t h e  inc iden t  r a d i a t i o n  i s  terminated. 
This  suggests  t h a t  t h e  C 1  atoms cannot d i f f u s e  away nor  w i l l  
ex tens ive  aggregat ion of t h e  s i l v e r  atoms occur. The 
phenomenon is  thus  r e v e r s i b l e  a s  c o n t r a s t  t o  t h e  normal 
photographic process  which i s  i r r e v e r s i b l e  . Aggregation of 
s i l v e r  and the l o s s  of ch lo r ide  do occur i n  t h e  l a t t e r  process.  
Fu r the r  support  of t h i s  model i s  a v a i l a b l e  from t h e  s i m i l a r i t y  
of t h e  o p t i c a l  absorpt ions curves of such g l a s s e s  t o  those f o r  
c r y s t a l l i n e  s i l v e r  h a l i d e s  . The model is admittedly over- 34 
s i m p l i f i e d  and many observat ions a r e  n o t  y e t  expla inable .  For 
example, t h e  composition of t h e  base g l a s s ,  and t h e  thermal 
h i s t o r y  a r e  c r i t i c a l  f a c t o r s .  Thei r  roles a re  n o t  y e t  under- 
s tood.  I n  add i t ion  t o  s i l v e r  h a l i d e s ,  it has  been repor ted  
t h a t  s i l v e r  molybdate and s i l v e r  t u n g s t a t e  c r y s t a l s  can a l s o  
36 
y i e l d  photo t ropic  g l a s s e s  s i m i l a r  t o  those descr ibed above . 
(c) Photo t ropic  Glasses  Prepared under Hiqhlv Reducinq 
Conditions.  
Soda-si l ica  g l a s s e s  of h igh  p u r i t y  and melted under 
' I  
-13 - 
highly reducing condi t ions a l s o  show phototropic  behavior 
when exposed t o  W rad ia t ions  
37 . I t  appears t h a t  t he  reducing 
condi t ions  a r e  necessary and t h a t  t r a c e s  of impur i t i e s  can 
have l a r g e  e f f e c t s  on the  o p t i c a l  p r o p e r t i e s .  
experiments have been reported r ecen t ly  by Swarts and Pressau 
V e r y  c a r e f u l  
38 . 
For soda - s i l i ca t e  g l a s s ,  the  c o l o r  c e n t e r  generated i s  loca ted  
a t  5700A and no d e l i b e r a t e l y  added impur i t i e s  i s  necessary 
although cerium and europium w i l l  enhance phototropy. 
of phototropy can a l s o  be caused by about 200 ppm of t i tanium, 
I n h i b i t i o n  
vanadium o r  i ron .  The e f f e c t s  of cerium and europium are 
shown i n  Table V I .  The parameter K' i s  def ined by: 
K1 = l /d  l og  (To/T) 
where d i s  the  th ickness  of t h e  sample, T i s  the  percent  
t ransmission of colored g l a s s  a t  peak of absorpt ion band, and 
To i s  percent  t ransmission of uncolored g l a s s .  
i r r a d i a t i o n ,  t he  sa tu ra t ion  value of K1 i s  designated KO. 
Although the  ra re-ear th  ions can supply photoelectrons,  t h e i r  
exac t  r o l e  is unclear  s ince  phototropic  co lor ing  i s  no t  
accompanied by a r eve r s ib l e  change i n  absorpt ion of t he  
reduced r a r e  e a r t h  ions .  
Under sus ta ined  
1 
. 
The change i n  t ransmit tance of a t y p i c a l  soda - s i l i ca  
g l a s s  on UV i r r a d i a t i o n  is shown i n  Fig.  80 I n  Fig. 9,  t he  
e f f e c t s  of changing t h e  a l k a l i  i ons  are shown. The p o s i t i o n  
of the peak is apparent ly  unaffected by t h e  concent ra t ion  of 
- 14- 
' .  
I t h e  a lka l i  ions.  For Na20-Si02 g l a s ses ,  for  ins tance ,  it is 
cons tan t  even when the Na20 content  is var i ed  by a s  much as 
22%. This observat ion suggests  t h a t  t h e  c o l o r  cen te r s  i n  
ques t ion  i s  dependent on the  s t r u c t u r e  of t h e  g l a s s .  It i s  
poss ib l e  t h a t  the reduct ion r eac t ion  during mel t ing  genera tes  
oxygen-deficient sites which subsequently t rap e l ec t rons  and 
t h a t  t h e  na tu re  of t h i s  site is  dependent on t h e  na tu re  of the 
a l k a l i  ion ,  
Typical  photoresponse of t h i s  type of g l a s s  i s  shown i n  
Figure 10,  The formation of the  c o l o r  c e n t e r  i s  descr ibed by 
f i r s t - o r d e r  k i n e t i c s  whereas t h e  fad ing  mechanism follows a 
second-order r e l a t i o n  , The co lo ra t ion  w a s  no t  s tud ied  as a 
38 
func t ion  of temperature although the fad ing  rate is very 
temperature s e n s i t i v e .  For ins tance ,  t h e  fad ing  r a t e  a t  room 
temperature i s  about t h i r t y  t i m e s  g r e a t e r  than t h a t  a t  -15OOC. 
Unlike the  s i l v e r  h a l i d e  photo t ropic  g l a s ses ,  t hese  "reduced" 
glasses show f a t i g u e  on repeated i r r a d i a t b n .  I t  i s  known t h a t  
f a t i g u e  i s  p a r t i a l l y  due t o  an acce le ra t ion  of fad ing  r a t e .  
Since no information exists on the  e f f e c t  of f a t i g u e  on colora-  
t i o n ,  t he  exact causes  are unknown. 
A number of models t o  expla in  t h i s  phenomenon has  been 
39 
discussed  by Cohen , A trapped e l e c t r o n  i n  an oxygen vacancy 
near  an a l k a l i  i o n  o r  near a c a t i o n  donor i s  considered un l ike ly ,  
Cohen cons ideres  t h a t  t he  most l i k e l y  mechanism is  one involving 
-15- 
the photoreduction of a ca t ion  t r a c e  impuri ty ,  most probably 
the  reduct ion  of Ti4+ t o  Ti3+.  I n  view of t h e  l a r g e  effects 
of minute t r a c e s  of impur i t i e s  and t h e  d i f f i c u l t y  i n  prepar ing  
g l a s s e s  t o t a l l y  void of impur i t ies ,  t h e  v a l i d i t y  of any m o d e l  
must await  f u r t h e r  research. 
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TABLE 11 
Conductivity ranges and photosens i t iv i ty  l i m i t s  of 
28 some Chalcogenide g las ses .  ( A f t e r  K o l o m i e t s  e t  a l .  ) . 
Systems 
Limiting 
values of 
conduc- 
t i v i  ty  
ohm-1,-1 
Range of 
Observed 
spectral  
peak PO- 
s i t i o n s  8 P 
As2Se3 - As2Te3 
As2Se3 - T12Se 
As2Se3 - Sb2Se3 
T12Se As2Se3 - 
T12Se oAs2Te3 
T12Se As2Se3 - 
T12Se Sb2Se3 10'8 
1 ,o  - 1 , 2  
. 
I .  
adsorption 
band edge 
28 
TABLE 111-Carrier Activation Energies of Glassy Semiconductors 
photocon- 
ductivity 
Composition 
As2Se3 
4As2Se3.As2Te3 
3As2Se3 oAs2Te3 
2As2Se3-As2Te3 
As2Se3-As2Te3 
9As2Se3=l1As2Te3 
2As2Se3 -3As Te3 
As2Se3 -2As2Te3 
As2Se3 *3As2Te3 
As2Seg .4As2Te3 
2 
Activation energy (in eV), 
determined from 
temperature 
dependence 
of conduc- 
tivity 
1.57 
1.1 
1.05 
1.01 
0 -94 
0 -92 
0.9 
0.89 
0 -86 
0 -85 
1-64 
1.3 
1 1.20 
1.04 
0.9 
0.93 
0.83 
0.83 
0.74 
- 
1.96 
1.46 
1.37 
1.30 
1.17 
1.17 
1.04 ~ 
I 0.95 
I 0.94 
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N N N N ( V N  N N  N +  - *  2 m m m m  m m m  - 4 4 4 4 2 2 2 2 2 4 4  
n 
rl 
m 
10.0 10.9 14.9 10.0 1.8 
10.0 9.4 9.4 9.5 6.9 
TABLE V 
Composition of Some Typical Photochromic 
Silver HalideGlasses (After Smith ) .  
34 
Glass 2 Glass 7 Constituent Glass 1 
I 
51.0% 62.8% Si02 I 60.1% 59.2% 59.2% 60.1% 52 -4% 
1.7 
A1203 I 9.5 ~~ 6.8 
~ 2 0 3  I 20.0 15.9 20 .o I 16.0 I 20.0 1 20.0 19.5 
I Li20 2.5 
PbO - I 4.7 
8.0 B a0 - 
- I Z r 0 2  4.6 - - - 2.1 
0.50 0.50 0 -40 0.31 0.30 0.38 
0.11 
I 
c1 0.10 1.7 0.69 ,0.39 0.10 0.66 
2.5 1.45 1.45 0.84 - 
I I 
0.016 0.015 0.016 0.016 0.016 0.016 
N o t e :  Compositions in w e i g h t  percent; halogens are given as 
weight percent addit ions to thiit of t5e base glass. 
TABLE VI. 
Equilibrium Phototropic Response of Soda-Silica 
Glass to 3660A Radiation. 
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(After Swarts and Pressau ). 
Additions Kk (cm'l) 
None 
~~ 
0.025 
0.1% C e  0.28 
0.005% Eu 0.70  
1 '  . 
I 
I 
~ 
! 
Figure 1. 
Figure 2. 
Figure  3. 
F igure  4. 
Figure 5. 
Figure 6. 
Figure 7,  
Figure 8. 
Figure 9. 
FIGURE CAPTIONS 
S p e c t r a l  response of photoconduction and o p t i c a l  
absorpt ion i n  selenium: (a) amorphous, and (b) 
hexagonal c r y s t a l  , ( A f t e r  Garlick") . 
Elec t ron ic  s t a t e s  i n  v i t r e o u s  selenium a t  room 
temperature as i nd ica t ed  by o p t i c a l ,  photo- 
conduct iv i ty ,  and charge-trans o r t  measurements. 
( A f t e r  Hartke and RegensburgerP6) , 
Transmission e l e c t r o n  micrograph and e l e c t r o n  
d i f f r a c t i o n  p a t t e r n  of selenium films de o s i t e d  
on var ious substrates. ( A f t e r  Gr i f f i thsS7)  . 
Temperature dependence of t h e  conduct iv i ty  of 
g l a s s e s  and supercooled l i q u i d s  : 
1) 4As2Se3 eAs2Te3 : (2)  3As2Se3 eAs2Te3 : 
3) 2As2Se3 aAs2Te3 . ( A f t e r  Kolomiets9) , 
Spectral d i s t r i b u t i o n  of the i n t e r n a l  photo- 
electric e f f e c t  i n  a g l a s s  of t h e  composition 
4As2Se3-As2Te3 i n  t h e  s o l i d  (1) and molten (2) 
s t a t e s  . 
Darkening and fad ing  of t y p i c a l  photo t ropic  
g l a s s e s  containing s i l v e r  c h l o r i d e  a t  23 OC. 
(After  Smith34). 
Darkening and fad ing  of t y p i c a l  photo t ropic  
g l a s s e s  containing s i l v e r  c h l o r i d e  a t  46OC. 
( A f t e r  S m i t h  34) . 
S p e c t r a l  change i n  soda-silica g l a s s  i r r a d i a t e d  
by 2537A W, ( A f t e r  S w a r t s  and Pressau3*). 
The 5700A Color c e n t e r  i n  a l k a l i - s i l i c a t e  
g l a s s e s ,  (After Swarts and Pressau3') . 
Figure 10. Photo t ropic  response of g l a s s e s  conta in ing  t h e  
5700A c o l o r  cen te r .  ( A f t e r  Swarts and Pressau3*). 
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